Abstract Previous studies have shown that ENSO's anomalous equatorial winds, including the observed southward shift of zonal winds that occurs around the event peak, can be reconstructed with the first two Empirical Orthogonal Functions (EOFs) of equatorial region wind stresses. Using a high-resolution ocean general circulation model, we investigate the effect of these two EOFs on changes in warm water volume (WWV), interhemispheric mass transports, and Indonesian Throughflow (ITF). Wind stress anomalies associated with the first EOF produce changes in WWV that are dynamically consistent with the conceptual recharge oscillator paradigm. The ITF is found to heavily damp these WWV changes, reducing their variance by half. Wind stress anomalies associated with the second EOF, which depicts the southward wind shift, are responsible for WWV changes that are of comparable magnitude to those driven by the first mode. The southward wind shift is also responsible for the majority of the observed interhemispheric upper ocean mass exchanges. These winds transfer mass between the Northern and the Southern Hemisphere during El Niño events. Whilst water is transferred in the opposite direction during La Niña events, the magnitude of this exchange is roughly half of that seen during El Niño events. Thus, the discharging of WWV during El Niño events is meridionally asymmetric, while the WWV recharging during a La Niña event is largely symmetric. The inclusion of the southward wind shift is also shown to allow ENSO to exchange mass with much higher latitudes than that allowed by the first EOF alone.
Introduction
Our understanding of the dynamics of the Earth's largest source of interannual climate variability, the El Niño-Southern Oscillation (ENSO), has significantly increased over the last three decades [McPhaden et al., 2006; Chang et al., 2006] , with the success of theories such as the Recharge/Discharge Oscillator (RDO) [Jin, 1997] . The RDO theory highlights mass exchanges between the equatorial and off-equatorial regions in order to explain the phase transitions of ENSO. For instance, the poleward transport of equatorial region warm upper waters during El Niño events discharges Warm Water Volume (WWV) from the equatorial region, setting up conditions that tend to terminate the warm event. The basic principles of the RDO theory have been substantiated through the observational analyses of Meinen and McPhaden [2000] . It has been suggested that the discharge (recharge) during El Niño (La Niña) events occurs most prominently in the ocean interior [Meinen and McPhaden, 2001] , with the Indonesian Throughflow (ITF) transport taking part in this recharge/discharge of heat [e.g., Cai et al., 2005] .
While assuming that El Niño and La Niña events are mirror images of each other, the original RDO theory also assumes that the associated mass transports in the Northern Hemisphere (NH) mirror those of the Southern Hemisphere (SH). Observations, however, show an asymmetry in spatial structure and duration of opposing ENSO phases [e.g., Okumura and Deser, 2010] , as well as a pronounced asymmetry in which the associated mass exchange prominently occurs in the NH and is nearly zero in the SH [Kug et al., 2003] . This hemispheric mass transport asymmetry is supported by the apparent meridional asymmetry associated with the Pacific Ocean's ''recharge'' mode (defined as the second Empirical Orthogonal Function (EOF) of 20 C isotherm depth) [Meinen and McPhaden, 2000] .
The results of Kug et al. [2003] suggest that this meridional mass transport asymmetry is due to the meridionally asymmetric distribution of the wind anomalies that are linearly related to ENSO (which is represented Idealized atmospheric General Circulation Model (GCM) experiments and spectral analysis show that this second EOF of equatorial wind stress anomalies is representative of a physically meaningful mode that is generated in response to nonlinear interaction between ENSO and the annual cycle [Stuecker et al., 2013] . Reconstructing near-equatorial wind stress anomalies with these first two EOFs reveals that the linear combination of these two spatial patterns allows the wind stress anomalies during ENSO events to shift southward around the peak of the event. This southward wind shift is consistent with observations [e.g., Harrison, 1987] , and it ultimately allows the wind stress anomalies associated with ENSO to become more meridionally asymmetric in the months after the event peak [McGregor et al., 2012a] . Thus, the meridional wind shift represented by the second EOF could potentially influence meridional ocean mass transports during ENSO events. This factor was not considered by Kug et al. [2003] as it has only recently been identified and related to ENSO [McGregor et al., 2012a Stuecker et al., 2013] ; however, it is notable that the Kug et al. [2003] study highlighted the role of meridional asymmetries the wind stress anomalies that are linearly related to ENSO.
Further, the meridional wind movement produced by wind stresses reconstructed with EOF1 and EOF2 increases with increasing El Niño amplitude, while remaining relatively small regardless of La Niña amplitude . This nonlinearity is consistent with the sea level studies of Alory and Delcroix [2002] and Widlansky et al. [2014] , who showed that the meridional asymmetry of ENSO's recharge/discharge mode is most pronounced during strong El Niño events. This observation implies that while the discharge of heat during an El Niño event may be asymmetric and the asymmetry may increase with increasing event magnitude, the recharge of heat during La Niña events may be largely symmetric. In this study, we investigate the effect of the equatorial wind stress anomalies described by the first two EOFs on the WWV changes and interhemispheric mass transport asymmetry seen during ENSO events using a high-resolution Ocean General Circulation model (OGCM). The model is shown here to realistically represent the jets traveling through the complex bathymetry of the western Pacific and more accurate pathways for waters feeding the Equatorial Under Current (EUC). We then seek to detail the ENSO phase (El Niño-La Niña event) asymmetries seen in these transports. The manuscript is laid out as follows. Section 2 details the observational data sets and OGCM utilized in this study, while section 3 details the numerous OGCM simulations carried out. The results of the OGCM simulations are presented in section 4 where the transports, changes in equatorial region warm water volume (WWV), interhemispheric exchanges, and Indonesian Throughflow (ITF) are highlighted. Section 5 discusses the implications and conclusions.
Data and Model Details

Wind Stress Anomalies
Monthly mean wind data from the ECMWF interim reanalysis (ERA-interim) products are utilized here spanning the period 1979-2011 [Dee and Uppala, 2009] . This reanalysis product has been shown to reproduce the tropical Pacific Ocean's observed interannual sea surface height variability with reasonable fidelity [McGregor et al., 2012b] . Surface winds were converted to wind stress anomalies using the quadratic stress law: (s x , s y ) 5 C d q a (U,V) W, where U, V are the zonal and meridional surface wind velocities, respectively, W is the surface wind speed, q a 5 1.2 kg m 23 is a reference atmospheric density, and C d 5 1.5e 23 is the dimensionless drag coefficient. Anomalies of wind stress are computed relative to a mean seasonal cycle based on the 1979-2011 climatology.
Sea Surface Temperatures
The monthly anomalies of the NINO3.4 index (N34) utilized in this study are derived from NOAAs Extended Reconstruction Sea Surface Temperature (ERSST) version 3b [Smith et al., 2008] . Note that the N34 anomalies are computed relative to a mean seasonal cycle based on the 1971-2000 climatology.
Ocean General Circulation Model (OGCM)
The Ocean GCM (OGCM) we utilize here is a high-resolution nested model of the Tropical Pacific (TRO-PAC01). This model is built on the Nucleus for European Modeling of the Ocean (NEMO) version 3.1.1 code [Madec, 2008] in the Drakkar configuration using a tripolar, curvilinear grid. The global model has a nominal 0.5 horizontal resolution (ORCA05) and 46 vertical levels. It is a primitive equation ocean-sea ice model, forced by prescribed atmospheric conditions. The hydrodynamic equations are discretized on a staggered Arakawa-C grid [Arakawa and Lamb, 1977] with a free sea surface; a preconditioned conjugate gradient solver is used.
and meridional components of the ERA-interim wind stress anomalies regressed onto N34 to represent the pattern and time evolution of the first EOF (Figures 1a and 1c ). These patterns of regression coefficients are virtually identical to those of the first EOF of equatorial wind stress anomalies, which accounts for 23% of the variance, with spatial correlations of 0.92 and 0.92 for the zonal and meridional components, respectively. The N34 index is also highly correlated with the corresponding principal component time series (correlation coefficient of 0.76), despite being somewhat smoother temporally.
These wind components, which are linearly related to ENSO, are then removed from the zonal and meridional wind stress anomaly time series at each spatial location, and the first EOF of the residual wind stress anomalies between 10 N-10 S and 100 E-60 W is then calculated. As discussed in section 1, this EOF, which accounts for 17% of the variance of the residual wind stress anomalies in the region, has been shown to be nonlinearly related to ENSO [Stuecker et al., 2013] . The corresponding full Pacific domain spatial (Figure 1b) . The regressed wind stress patterns show meridionally asymmetric wind anomalies that are consistent with the second EOF of ERA-interim wind stress anomalies, with spatial correlations of 0.99 and 0.99 for the zonal and meridional components, respectively, and the corresponding principle component time series have a correlation of 0.997 with each other. As the spatial structure of these wind stress anomalies are highly asymmetric about the equator, these are hereafter referred to as the ENSO asymmetric wind stress anomalies (s asym ). The wind anomalies that are linearly related to ENSO, on the other hand, are relatively symmetric about the equator in comparison and are thus referred to as the ENSO symmetric wind stress anomalies (s sym ), as in McGregor et al. [2013] .
Four experiments and one control simulation are then conducted with the high-resolution TROPAC01 OGCM, all of which span the period 1979-2007. Each of these simulations was branched off a 40 year spinup control simulation forced with ERA-interim long-term monthly mean wind stress anomalies. The four experiments are exactly parallel to those done by McGregor et al. [2012a] , which used a reduced gravity linear shallow water model. Experiment 1 (EXP SYM ) has time varying s sym added to the control simulation. Similarly, the second experiment (EXP ASYM ) has time varying s asym added to the control, while the third experiment (EXP BOTH ) has the wind stress anomalies reconstructed from both s sym and s asym added to the control. The fourth experiment is forced with the full ERA-interim wind stress anomalies (hereafter titled EXP FULL ). We note that as monthly mean wind stresses were utilized here, oceanic variance generated by wind stresses with shorter time scales is not simulated. The anomalous response of each experiment is calculated by removing the long-term monthly mean of the concomitantly extended control simulation.
Analysis of the control simulation reveals that TROPAC01 produces all of the major branches of the tropical Pacific surface circulation (Figure 2a) . The realistic representation of western boundary coastal bathymetry and current paths in the southern and northern regions is displayed in Figures 2c and 2d . The former highlights the path of ITF and flows within the Coral Sea, both of which are consistent with observations [Kessler and Cravatte, 2013, Figure 13; Sprintall et al., 2009] . The latter highlights the path of the Mindanao current, the location of the Mindanao (ME), and Halmahera eddies (HE), along with the meanders of the North Equatorial Counter Current (NECC), all of which are consistent with observations from the region [Kashino et al., 2013, Figure 1] . Comparing with the observed subsurface current data of Johnson et al. [2002, Figure 2 ], we find that the control TROPAC01 simulation also accurately captures the location and strength of many subsurface currents, such as the Equatorial Under Current (EUC), the North Equatorial Counter Current (NECC), and the South Equatorial Current (SEC) (Figures 2b, 2e , and 2f).
Results
Meridional transports are calculated by vertically integrating the transport above the 16 C isotherm, which is taken to represent the lower thermocline ( Figure 2 ). The Northern Hemisphere (NH) and Southern Hemisphere (SH) components of the zonally integrated meridional transport are calculated across the width of the Pacific Ocean, while ITF is calculated by integrating transports between New Guinea and Kalimantan. In order to focus on the interannual variations of the meridional transport, we removed the mean seasonal cycle and smoothed the resulting anomalous time series with a 5 month running mean prior to analysis and plotting.
Here we define the equatorial region as between 5 N and 5 S, consistent with the study of Meinen and McPhaden [2000] . Changes in WWV result from convergent and divergent meridional transports above 16 C at 5 N (V 5N ) and 5 S (V 5S ). WWV changes would occur most prominently when the meridional transport difference (V 5S -V 5N ) is large, that is, when NH transports are in the opposite direction and of similar magnitude to SH transport. Consistent with expectations, WWV changes defined by the meridional transports above the 16 C isotherm are equivalent to the time derivative of the volume of water above the 16 C isotherm (r 5 0.81). On the other hand, a nonzero value of the meridional transport average ((V 5N 1 V 5S )/2) depicts a net upper ocean interhemispheric exchange. This is most likely to occur when the meridional transport in the NH is in the same direction as that of the SH. In an idealized situation, when the NH and SH transports are of similar magnitude and in the same direction, changes in WWV would be minimal as the amount entering the equatorial region at the 5 S, leaves the equatorial region at 5 N. However, as what we view as an interhemispheric exchange may also occur due to the unequal partitioning of transports north
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and south of the equator, we compare the meridional average transport ((V 5N 1 V 5S )/2) of EXP FULL with the experiments meridional transports on the equator. We find a high correlation (r 5 0.97) between the two transports that is statistically significant above the 99% level, indicating that the meridional average transport is indeed representative of interhemispheric exchanges. Note, the statistical significance coefficients determined in this study take account of serial (auto)correlation in the series based on the reduced effective number of degrees of freedom outlined by Davis [1976] .
Comparing the meridional transports at 5 N from EXP BOTH with those of EXP FULL reveals that the EXP BOTH simulation captures much of the EXP FULL transport variability (r 5 0.87; Figure  3a ). At 5 S, on the other hand, EXP BOTH only does a reasonable job in reproducing the EXP FULL transport variability, as marked by a relatively weak correlation (r 5 0.49) and underestimated transport magnitudes ( Figure 3b ). This suggests that there are processes other than s sym and s asym wind stresses that influence transport along 5 S. However, given the prominence of NH transports in the WWV and interhemispheric exchanges, EXP BOTH captures much of the changes in WWV (r 5 0.75) and interhemispheric exchanges (r 5 0.79) seen in EXP FULL (Figures 3c and 3d) . EXP BOTH also produces the ITF variability of EXP FULL reasonably well (r 5 0.64; Figure 3e ). It is noteworthy that EXP BOTH underestimates the magnitude of the interhemispheric exchanges of EXP FULL during the large El Nino events by about 50% (Figure 3d ). However, for a more straightforward interpretation, we compare the results of EXP SYM and EXP ASYM simulation with that of EXP BOTH to determine the role of s sym and s asym in these changes. Note that the main conclusions of this manuscript do not change if we instead use EXP FULL for comparison, with only slight reduction in the correlation coefficients. Figure 4 shows the zonal mean meridional transports at 5 N and 5 S from EXP SYM and EXP ASYM , revealing a few interesting differences. For instance, in EXP SYM , as a result of the symmetric wind stress pattern (s sym ), the NH transports are positively correlated (r 5 0.69) with the forcing time series (Figure 1c ), while the SH transports are negatively correlated (r 5 20.39). The magnitude of both correlations increases when the forcing time series leads the meridional transport. The NH maximum correlation (r 5 0.79) occurs when this lead is 2 months, while the SH maximum absolute correlation (r 5 20.66) when this lead is 3 months. The meridional transports lagging the forcing time series by a few months is consistent with the recharge oscillator, indicating that these transports are reliant on ocean dynamical adjustment.
In EXP ASYM , on the other hand, the SH and NH transports are both positively correlated (0.79 and 0.76, respectively) with the forcing time series (s asym ), and the maximum correlation occurs at zero lag ( Figure  4b ). This zero lag indicates that the meridional transports changes are likely a direct response to the wind Further differences between the meridional transports of these two experiments are highlighted in Figure 6 , which shows the correlation of the meridional transport at any given latitude against the meridional transports at all other latitudes from the same experiment. These plots reveal that for EXP SYM , the SH transports generally oppose the NH transports for all latitudes within 20 latitude of the equator (Figure 6a ).
This indicates that, neglecting the effect of ITF, which will be discussed in section 4.3, the EXP SYM transports will in effect lead to changes in the equatorial region WWV. For EXP ASYM on the other hand, transports as far south as 10 S are positively correlated with transports up to 15 N ( Figure 6b ). Thus, the NH and SH transports in EXP ASYM are generally headed in the same direction, which implies that they will likely lead to significant interhemispheric exchanges. This is generally consistent with the study of Kug et al. [2003] who suggested that it is meridional asymmetries in the wind stress anomalies, in terms of the structure around the equator, which largely lead to interhemispheric exchanges.
Interestingly, at 5 N, the EXP SYM meridional transports are positively correlated (r 5 0.48) with the Ekman induced EXP ASYM meridional transports. This means that both EXP SYM and EXP ASYM produce northward (southward) meridional transports during an El Niño (La Niña) events, which results in a larger magnitude of the NH transport variability in EXP BOTH (Figure 4c ). At 5 S, on the other hand, the EXP SYM and EXP ASYM transports are negatively correlated (r 5 20.54). Thus, during an El Niño event, for instance, the northward transports of EXP ASYM are partially offset by the southward transports of EXP SYM . This destructive interference results in a more damped SH transport variability in EXP BOTH relative to that in the NH (Figure 4c ). However, as EXP SYM only partially cancels the EXP ASYM SH transports, the EXP BOTH transport at 5 S largely tracks the EXP ASYM transports. This is implied in the cross-latitudes correlations of EXP BOTH (Figure 6c ), where the transports between 0 S and 10 S generally display a positive correlation with the transports between 0 N and 10 N. This same feature is also apparent in the EXP FULL correlations ( Figure 6d) ; however, the correlations (Figure 7a ) are largely consistent with the classic linear view of the Recharge Oscillator paradigm of Jin [1997] . That is, during an El Niño (La Niña) event the s sym wind stress anomalies create an eastward (westward) tilt of the tropical thermocline ( Figure 8a ) and an Ekman-driven equatorward (poleward) surface transport (Figure 8b ). The tilted thermocline in turn creates a meridional geostrophic transport, which causes an anomalous subsurface mass divergence (convergence) about the equator (Figure 8c) . Thus, the Ekman and geostrophic transports due to s sym are opposing transports that largely occur away from the ocean boundaries (Figures 8b and 8c) . The western boundary transports in both hemispheres also generally oppose the interior geostrophic transports (Figure 8a) . It is noted, however, that the subsurface meridional geostrophic transport is larger than the surface Ekman transport and the western boundary currents combined. This results in a net mass divergence (convergence) near the equator during El Niño (La Niña) events (Figures 7a and 8a) .
We also find that the total transport in each hemisphere can be largely reproduced by combining the western boundary and interior WWV changes only (r NH 5 0.89, r SH 5 0.88). This indicates that the eastern boundary flows play little role in the total transport and WWV discharge consistent with earlier studies [e.g., Kug et al., 2003] .
Focusing now on the equatorial WWV changes of EXP ASYM (Figure 7a ), we find that these WWV changes are correlated with the EXP ASYM (s asym ) forcing time series at zero lag (r 5 20.75, significant at the 95% level). This is consistent with the dominant role of Ekman transport in the 5 S and 5 N total transports ( Figure 5 ).
The fact that EXP ASYM produces WWV changes appears to contrast the fact that both the NH and SH transports of this experiment are highly correlated (correlation coefficient of r 5 0.91 between meridional transport at 5 S and 5 N), which implies these transports should largely lead to interhemispheric exchanges.
However, it is the differences in the magnitude of these correlated Ekman-induced transports that lead to these changes in WWV in EXP ASYM . For instance, the northward transport at and after the peak of the extreme 1982/1983 and 1997/1998 El Niño events is much larger in the NH than the SH, which ultimately leads to an equatorial region divergence and a related decrease in WWV (Figure 4b ).
In regards to what role s sym (EXP SYM ) and s asym (EXP ASYM ) play in the EXP BOTH equatorial WWV changes (Figure 8a) , both appear to play a roughly equal role. Both experiments produce WWV changes that are highly correlated with the EXP BOTH WWV changes (Figure 8a ), while also having comparable magnitudes. In fact, the addition of EXP ASYM in EXP BOTH can be viewed to double the variance of EXP SYM -induced WWV changes, in accordance with the shallow water model results of McGregor et al. [2012a] .
Thus far, the WWV changes have been predetermined to be confined within 5 S and 5 N, that is, the latitudinal extent that defines the equatorial region. Here we consider variations to this latitudinal extent, which will allow us to examine whether the s sym and s asym wind forcings allow for more effective exchanges between the equator and higher latitudes. Figure 7b shows variance of WWV change as a function of latitudinal extent (i.e., between 1 N-1 S, 2 N-2 S, . . ., 20 N-20 S). First, this plot demonstrates that the maximum WWV change in EXP BOTH occurs when the equatorial region boundary is set at 5 S-5 N, thus confirming these latitudes as the most appropriate location that defines the equatorial region in terms of mass exchange. However, once decomposed into s sym and s asym , a clear difference emerges: EXP SYM shows that the effective mass exchange occurs closer toward the equator (about 3 -5 ). On the other hand, this is mass exchange is occurring farther poleward in EXP ASYM (about 7 -12 ). The implication of this difference will be discussed in section 5.
Interhemispheric Exchanges
In EXP BOTH upper ocean mass is transferred from the NH to the SH in the lead up to an El Niño event. This interhemispheric exchange then abruptly switches sign just prior to the event peak leading to a SH to NH exchange ( Figure 9a ). These SH to NH exchanges are the largest during the strongest El Nino events of 1982/1983 and 1997/1998 , in the order of 10 Sv.
The interhemispheric transports of EXP SYM are clearly much smaller than those of EXP BOTH and have virtually zero correlation (Figure 9a ). This result is somewhat contradictory to the role of s sym forcing in the interhemispheric exchanges as reported by Kug et al. [2003] . One of the reasons for this disagreement is likely due to the fact that the Kug et al.
[2003] study only considered interior transports. We find that the interior transports (i.e., transports away from the eastern and western continental boundary) at 5 N in EXP SYM are significantly larger than that occurring at 5 S (Figure 8a ), consistent with Kug et al. [2003] . However, on average 
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this strong asymmetry in interior transport is largely, though not completely, compensated by the western boundary transports (i.e., the boundary transports at the given latitude generally oppose the interior transport at that latitude), thus making its overall impact relatively small. Note, western (eastern) boundary transports are defined here as transports occurring between the continental boundary and 10 longitude offshore.
On the other hand, EXP ASYM reproduces the majority of the EXP BOTH interhemispheric exchanges ( Figure 9a ). This is reflected by the correlation coefficient of 0.98 calculated between the EXP ASYM -induced interhemispheric exchanges and those of the EXP BOTH . The role of EXP ASYM is not surprising given the anomalous transports at 5 N and 5 S are in the same direction in both hemispheres (Figures 4 and 10).
As expected, due to the fact that the EXP ASYM meridional transports are largely Ekman-induced, the EXP ASYM interhemispheric exchanges are largely confined to the upper 50 m (Figures 10b and 10c ) and are significantly (above the 95% level) correlated with the s asym forcing time series at zero lag (r 5 0.73). Thus, these results indicate that EXP ASYM forcing (s asym ) is largely responsible for the hemispheric exchanges in EXP BOTH , while EXP SYM forcing (s sym ) plays a negligible role. Thus, the dominant role of s asym in these exchanges explains why their amplitude appears to be related to ENSO intensity, while the phase appears related to the annual cycle [Stuecker et al., 2013] .
As the meridional movement of s asym wind stress anomalies is shown to increase with increasing El Niño amplitude, while remaining relatively small regardless of La Niña amplitude , we expect the interhemispheric exchanges during large El Niño events to be stronger than those occurring during La Niña events. That is, we expect the discharge of warm water during an El Niño event to be asymmetric about the equator and the asymmetry to be more prominent with increasing event magnitude, while the recharge of heat during La Niña events should be much more symmetric. Indeed, composites of interhemispheric exchanges (i.e., the asymmetric component of the meridional transport) during El Niño events and those during La Niña events (Figures 9b and 9c) show that this is the case. Note that in Figure 9c the interhemispheric exchanges have been normalized by the maximum magnitude of the ENSO event (N34 SSTA). These normalized transports show that the interhemispheric exchanges that occur during extreme El Niño events are approximately twice as large as those occurring during La Niña events. Similar asymmetries are found in the EXP FULL (not shown).
Indonesian Throughflow (ITF)
Up until now we have not considered the ITF in our calculations of WWV or interhemispheric exchanges. As noted in section 2, ITF is calculated around 2 S by integrating transports between New Guinea and Kalimantan. ITF was purposefully neglected as to focus on the Sverdrup component of the ENSO WWV changes. However, as these interbasin exchanges have the potential to alter WWV, their effects need to be considered. Here, changes in WWV are now defined as the difference between the transport at 5 S, The ITF is driven by the strong pressure gradient between the two basins, whereby the dynamic height of the western Pacific Ocean is significantly higher than that of the eastern Indian Ocean. Thus, changes in this gradient, through variations in dynamical height in the western Pacific or eastern Indian Ocean regions, will lead to changes in the ITF. Such changes can be driven by large-scale modes of variability, such as ENSO and the Indian Ocean Dipole (IOD) [Sprintall and Revelard, 2014] . For instance, the lower (higher) SSH in the western equatorial Pacific during El Niño (La Niña) events leads to weakened ITF that taken alone would lead to an anomalous increase (decrease) in WWV [see van Sebille et al., 2014, and references therein] . Given that our simulations are purposefully forced only with wind stress anomalies related to ENSO (Figure 3c ), we do not capture the full variability of the ITF. Nevertheless, these simulations allow us to identify how ITF responds to ENSO and to put this in the context of WWV changes and the recharge oscillator framework.
First, breaking down the role of EXP SYM and EXP ASYM in the ITF of EXP BOTH , we find that EXP SYM plays the dominant role in these changes (r 5 0.81; Figure 11 ). The dominance of EXP SYM is due the wind forcing more directly modulating the interbasin pressure gradient via the related east-west thermocline tilt (Figure 8a ). The ITF of EXP ASYM plays a relatively minor role as there is a relatively small western Pacific thermocline depth signal (Figure 10a ), thus the transports are significantly smaller and less correlated (r 5 0.41) with EXP BOTH ITF at zero lag. It is interesting to note, however, that the EXP ASYM ITF leads the EXP BOTH ITF by several months. This is a result of upper ocean mass being transferred from the NH to the SH prior to the El Niño event peak which results Focusing on EXP SYM in order to understand the role of ITF in the traditional recharge oscillator framework, we find that the ITF is highly correlated with the forcing time series (0.72) and this correlation increases to 0.9 when the forcing time series leads ITF by 2-3 months. This positive correlation, which is consistent with our theoretical understanding, indicates that this Indian Ocean leakage contributes to an increase (decrease) in WWV while at the same time it is being discharged (recharged) during El Niño (La Niña) through Sverdrup transport across 5 S and 5 N in the Pacific. The large contribution of EXP SYM in the ITF variability is apparent in Figure 4a . For instance, during a typical El Niño event, the EXP SYM ITF is increasing equatorial WWV at a similar rate to the decrease in WWV due to transports across either the northern or southern boundary of the equatorial region. A similar damping effect is seen during La Niña events, but a nonlinearity in the ITF (not shown) means it is a little bit less apparent. The damping by the ITF on WWV changes is corroborated by the fact that taking the ITF into account in the calculations of EXP SYM WWV roughly halves the variance of the changes without dramatically changing the temporal evolution (Figure 12a ).
While the EXP SYM WWV variability decreases due to the addition of the ITF, the interhemispheric exchanges of EXP SYM can be viewed to increase if the ITF is considered part of either the NH or SH transport. There are reasons that ITF should be classified as both: because on the one hand the ITF is calculated along 2 S (SH) and on the other, the upper ocean water is largely sourced from the NH [e.g., van Sebille et al., 2014] . Regardless, the overall impact on the interhemispheric exchanges is consistent. That is, it can be seen to either cancel out the SH transports or enhance the NH transports. Either way, including ITF into the calculations of EXP SYM WWV leads to an increased mass transfer from SH to NH during El Niño events, and this exchange is approximately mirrored during La Niña events (Figure 12b ).
In summary, the inclusion of ITF acts to damp WWV changes and amplify the interhemispheric exchanges when looking through the classic view of the recharge oscillator as represented by EXP SYM . However, when viewed from the more complete picture of WWV changes and interhemispheric exchanges in EXP BOTH , the role of the ITF is less apparent. First, as the addition of s asym acts to amplify the EXP BOTH WWV changes (i.e., by enhancing the discharge of WWV during El Niño events and vice versa for La Niña events), adding the ITF into calculations of WWV of EXP BOTH has only a relatively small damping effects (figure not shown). Second, as the interhemispheric exchanges of EXP BOTH are largely due to s asym , the increased magnitudes of EXP SYM interhemispheric exchanges due to ITF has only little effect (not shown). 
Summary and Conclusions
We identify the meridionally quasisymmetric (s sym ) and asymmetric (s asym ) wind stress anomalies related to ENSO in the ERA-interim reanalysis product (Figure 1 ) and use a series of high-resolution OGCM experiments to examine their relative impact on WWV changes and interhemispheric exchanges during ENSO events. It is noted that this study implicitly assumes linearity in the experiment design (EXP SYM 1 EXP ASYM 5 EXP BOTH ) and analysis (i.e., breaking the transports down into their various components), and despite the results being largely consistent with linear theory, nonlinearities may play some role in the modeled and observed meridional transports.
s sym is the classic ENSO wind stress response, identified by simply linearly regressing ENSO SSTA against surface wind stress anomalies. On the other hand, s asym , identified by an EOF analysis, is largely dominated by a Philippine Sea anticyclonetype structure [Wang et al., 1999] in the Northern Hemisphere and a westerly wind stress anomalies in the Southern Hemisphere. Stuecker et al. [2013] have shown s asym to be a physically meaningful mode that owes its existence to the nonlinear atmospheric response to the annual cycle and ENSO SSTs combined. As discussed in McGregor et al. [2012a McGregor et al. [ , 2013 , the linear combination of s sym and s asym describes most of the ENSO wind stress anomalies. These anomalies, which are largely symmetric about the equator prior to the ENSO event peak, shift southward around boreal winter event peak [e.g., Harrison, 1987; Harrison and Vecchi, 1999] .
The high-resolution OGCM was utilized to give a more realistic representation of the circulation in and around the complex bathymetry of the western Pacific. The model output reveals how complex the transports are along the northern boundary of the equatorial region (5 N, Figure 13a ). This northern boundary, which is dynamically defined (Figure 7b ), bisects the latitudinally narrow eastward flowing North Equatorial Counter Current (NECC). Thus, the meanders of the NECC and the eddy activities along this zonal boundary make the spatial variability of the meridional transports large (Figure 13a ) in comparison to what is seen at 5 S (Figure 13b ). The location of this variability is consistent with the location of eddies observed in altimeter data [Chelton et al., 2011] . While the zonally integrated flow is generally consistent with expectations, these highly variable small-scale structures do emerge in any composite or regression analysis (Figures 8b, 8c, 10b, 10c, and 13) . Thus, this raises the importance of an adequately resolved observational network.
s sym forcing (EXP SYM ) generates an oceanic response that is largely consistent with the classic linear view of the Recharge Oscillator paradigm of Jin [1997] . During an El Niño event, the s sym wind anomalies create an anomalous Sverdrup transport (section 4.1), which discharges upper ocean mass from the equatorial region (Figure 8 ). Journal of Geophysical Research: Oceans
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La Niña events largely mirror the changes seen during El Niño events. We also find that the associated WWV changes, at least in the idealized OGCM simulation presented here (EXP SYM ), are considerably damped by the ITF transport (Figure 12a ). That is, as the WWV is decreasing during an El Niño event, due to the divergence of mass away from the equatorial region, the ITF weakens and thus anomalously transports mass back into the equatorial region ( Figure  11 ). The converse largely occurs during La Niña events ( Figure 11) ; however, the magnitude is not so large, as there appears to be an ENSO phase nonlinearity in the magnitude of the ITF. The direction of anomalous ITF transports is consistent with theoretical expectations [Wyrtki, 1987; Clarke and Liu, 1994] . The damping of the WWV changes by the ITF in turn acts to more than double the magnitude of the interhemispheric exchanges ( Figure 11b ). As the ITF can be viewed to either amplify the transport at 5 N, or damp the transport 5 S, it creates a larger difference between the NH and SH transports, and thus increasing the interhemispheric exchanges.
s asym forcing (EXP ASYM ), on the other hand, predominantly generates surface Ekman transport (cf. Figures 5  and 10 ). This Ekman transport is generally of the same sign over the entire basin, and in the lead up to an El Niño event it generates large-scale southward surface flow over much of the tropical Pacific. As a result of changes in the annual cycle phase [Stuecker et al., 2013] , this flow abruptly changes sign just prior to the event peak, leading to large-scale northward flow over much of the basin (Figures 5b and 5c ).
Our series of experiments reveal that s asym forcing is largely responsible for the Pacific Ocean's interhemispheric exchanges. This result appears somewhat consistent with the findings of Kug et al. [2003] , as it is wind stress anomalies that are asymmetric about the equator which generate these interhemispheric exchanges and that these exchanges are largely related to Ekman transports. The main differences between the results presented here and those of Kug et al. [2003] are derived from the fact that s asym forcing was not considered by Kug et al. [2003] . This result also provides a dynamical understanding of the Pacific Ocean interhemispheric sea level seesaw reported by Widlansky et al. [2014] . We also find an ENSO phase asymmetry in these interhemispheric exchanges, whereby the interhemispheric exchanges that occur during extreme El Niño events are approximately twice as large as those occurring during La Niña events. That is, the recharge of heat during a large 
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La Niña event appears to be more symmetric about the equator than the discharge of heat during a large El Niño event.
As s asym forcing (EXP ASYM ) generates transports that are largest north of the equator in the western tropical Pacific (Figures 5 and 10 ), during periods of southward flow these transports converge in the equatorial region leading to increases in WWV (i.e., in the lead up to an El Niño event). During periods of northward flow (i.e., around the peak of an El Niño event), on the other hand, the transports diverge in the equatorial region and leading to a decrease in equatorial region WWV. Thus, these EXP ASYM -induced meridional transports directly alter equatorial WWV and play a crucial role in the discharging process, as documented in McGregor et al. [2012a] using a shallow water model. In fact, approximately half of the changes in equatorial region WWV are due to s asym forcing, which makes s asym forcing a vital component of ENSO. It is interesting to also note that the timing of the s asym forced WWV changes is roughly consistent with those expected of the recharge oscillator paradigm, which makes it easy to confuse the total WWV changes with our conceptual view of the recharge oscillator.
As discussed in section 1, most of the meridional mass transports into or out of the Pacific equatorial region are known to occur at its northern boundary [Kug et al., 2003] . Combining the results of s sym and s asym forcing, as was done in EXP BOTH , goes a long way in reproducing this observational feature (Figures 3 and 4) . Our results show that this is largely due to the fact that the NH meridional transport forced by s asym constructively interferes with the NH meridional transport of s sym , while the SH transport of s asym destructively interferes with the SH meridional transport of s sym . For instance, during large El Niño events, s asym produces northward transports that are predominantly constrained to the surface (Figure 14b (1982/1983, 1991/1992, 1997/1998) (1982/1983, 1991/1992, 1997/1998 ) composite mean meridional transports (Sv 3 10
22
) from EXP BOTH at (a) 5 N and (b) 5 S.
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produces southward surface transports and northward subsurface transports (Figure 14a ). Combined, these two forcings produce northward transport over the entire water column as the northward surface transports of s asym overpower the southward transports of s sym (Figures 14c and 14d) . In regards to the SH meridional transports during large El Niño events, s asym again produces northward transports that are predominantly constrained to the surface (Figure 14b) , while s sym produces northward surface transports and southward subsurface transports (Figure 14a ). The combined northward surface transports are large enough during these events that they overcompensate the subsurface southward transport (Figures 14c  and 14d) . Thus, the meridional transport of forced by s asym acts to amplify the NH transports at the same time as damping the SH transports, thereby creating the north-south asymmetry in the magnitude of the net meridional transports seen in the observations. Our results also suggest that the asymmetric effects of s asym are not as pronounced during small El Niño events and even less so during La Niña events (Figure 9 ), implying that these events are more consistent with that expected from the recharge oscillator theory [Jin, 1997] .
Perhaps the most important potential implication of the results presented here is the fact that s asym appears to be largely responsible for linking ENSO with the off-equatorial regions. That is, the equatorial WWV and interhemispheric exchanges associated with the classic ENSO wind stress response (s sym ), identified by simply linearly regressing ENSO SSTA against surface wind stress anomalies, is largely confined to between 65 latitude ( Figure 7b ). It is the forcing associated with s asym that appears to link ENSO to the off-equatorial region ( Figure 7b ). This is of importance because numerous studies have suggested that the equatorial and off-equatorial oceans are linked at decadal time scales [e.g., Kleeman et al., 1999] , and these links may be responsible for the Pacific Ocean's decadal variability. For instance, the coupled General Circulation Model study of McGregor et al. [2009] suggested that ENSO behavior could be modulated by wind stress forced off-equatorial ocean perturbations. The results of this study suggest that ENSO itself, through s asym forcing, can create an off-equatorial signal that may then feed back in the equatorial region and modulate ENSO behavior.
